Abstract
Introduction

22
Various methods have been developed for seismic analysis of retaining 23 structures ranging from simplified pseudo-static methods to sophisticated dy-24 namic numerical procedures in which detailed response of the soil-structure 25 system is considered including effects of excess pore water pressures and com-26 plex stress-strain behaviour of soils [1] . Key objectives in the assessment of In the simplified approach, these objectives are achieved in two separate 31 calculation steps. In the first step, a pseudo-static analysis typically based 
48
In this context, a modification of the Mononobe-Okabe method and al- 
61
In spite of these limitations however, classical theories and simplified so- mechanism with the lowest internal energy dissipation is found).
112
In order to obtain an accurate solution a large number of potentially active 113 discontinuities must be considered. To achieve this, closely spaced nodes are 114 distributed across the problem domain, and potentially active discontinuities 115 inter-connecting each node to every other node are added to the problem.
116
A simple example of the active failure of a rough retaining wall is given in 
122
The accuracy of the result is dependent on the prescribed nodal spacing.
123
In this example there are n = 30 nodes and thus m = n(n−1)/2 = 435 poten-
124
tial discontinuities (including overlapping discontinuities of differing lengths).
125
It can be shown that there are of the order of 2 m = 2 435 possible different 126 arrangements of these discontinuities. From this set the DLO procedure iden-
127
tifies the optimal compatible mechanism. At first sight the magnitude of the 128 problem size seems intractable, but with careful formulation it can be solved.
129
A particular advantage of the procedure is the ease with which singulari- 
136
A detailed description of the development of the numerical formulation of 137 DLO may be found in [13] . The core matrix formulation is reproduced below.
138
The primal kinematic problem formulation for the plane strain analysis of a using m nodal connections (slip-line discontinuities), n nodes and a single 141 load case can be stated as follows:
subject to:
where f D and f L are vectors containing respectively specified dead and live 149 loads, d contains displacements along the discontinuities, where
where s i and n i are the relative shear and normal displacements between 151 blocks at discontinuity i; 
where W i is the total weight of the strip of material lying vertically above in effect as each slip-line is considered. In the equations, the adopted sign 179 convention is that s is taken as positive clockwise; for an observer located on 180 one side of a discontinuity, the material on the other side would appear to 181 be moving in a clockwise direction relative to the observer for positive s.
182
To include work in the horizontal direction assuming a horizontal pseudo-183 static acceleration coefficient k h (taken as positive in the -ve x-direction), this 184 equation must be modified as follows:
The right hand term in the curly brackets represents the work done by the 186 horizontal movement of the body of soil lying vertically above the slip-line.
187
The DLO method finds the optimal collapse mechanism for the problem 188 studied. In order to achieve this it must increase loading somewhere within 
In the following sections, the DLO approach (as implemented in the soft- are presented in Appendix B and will be further developed in later sections.
220
The notation used in these equations and the rest of the paper is listed in
221
Appendix C.
222
The DLO model used for this study is shown in Fig. 2 . Here the wall is Comparisons between seismic earth pressures computed using the DLO 
236
The results demonstrate that the DLO results match exactly with the
237
Mononobe Okabe theory except for small deviations at higher accelerations. normalised horizontal active thrust (P These arise from the fact that Mononobe-Okabe is a limit equilibrium 239 approach, while DLO is a limit analysis approach. The former method does 240 not include an explicit consideration of the problem kinematics, while the 241 latter employs an associative flow rule, whereby any shearing is assumed 242 to be accompanied by dilation equal to the angle of shearing resistance.
243
In certain circumstances, the direction of relative movement between soil 
The additional results are plotted using hollow symbols in normalised horizontal active thrust (P results. normalised horizontal active thrust (P
′ /2. Theory (lines) and DLO results (symbols). DLO results are from an analysis constrained to generate a single wedge.
Extension to multiple wedge collapse mechanisms
271
In this series of analyses nodes were additionally placed within the soil 272 body and on the wall back face in order to allow more complex mechanisms 273 to be developed. For the static loading of rough walls, it is known that more 274 complex slip-line patterns than that represented by a single wedge occur. 
Example results for a rigid base (pure sliding of the wall along the base)
294
are shown with the solid line in Fig. 9 where the wall weight factor F w (ratio 295 of weight of wall required for dynamic stability divided by that required for 296 static stability on a rigid base) is plotted against horizontal acceleration k h .
297
The results demonstrate that the DLO results match very closely with the 
Both constrained (single wedge) and unconstrained (multiple wedge) analyses are plotted.
Combined sliding, bearing and overturning
303
The foregoing analyses assume that all deformation takes place along the required horizontal acceleration for collapse reduces almost by a factor of 2 318 to 0.18g compared to that for pure sliding.
319
Results for a range of different wall weight ratios are given in Fig. 9 , and 320 clearly indicate the significant effect of combined sliding and bearing, and 321 sliding, bearing and overturning on the threshold acceleration required for 322 triggering instability or onset of permanent wall displacements.
323
It is noted that results for the latter cases would be significantly influ- bringing the critical collapse mechanism closer to sliding and bearing failure. (1 − k v ).
363
If the effect of the acceleration on the water is independent of the soil,
364
and of any soil deformation, then it would also be expected that the pore 365 water pressure would increase by (1 − k v ).
366
The dynamic vertical buoyancy force per unit volume acting on a soil 367 particle would then be given by
(1 − k v ) and the difference is thus
Alternatively, in terms of body forces, the total vertical body force is 370
given by:
The effective unit weight of water becomes:
The effective vertical body force then becomes (assuming the effective stress 373 principle remains valid):
The horizontal acceleration is assumed to act only on the solid portion of 375 the soil element i.e. the accelerations are being transmitted predominantly 376 by shear and the water experiences no induced horizontal acceleration from 377 the soil particles. Thus the total horizontal body force becomes: (1 − k v ).
388
Where immediate volume change of the soil is not possible due to re-389 stricted drainage, then the effective stress in the soil should be unchanged 390 before and after application of the vertical acceleration (the total stresses 391 and thus pore pressures may change).
392
Prior to acceleration the effective stress was governed by the buoyant 393 unit weight. The vertical buoyancy force per unit volume acting on a soil . In the short term the effective stress and thus 395 this quantity should not change. Hence upon acceleration, the 'buoyancy' 396 force per unit volume is given by:
Alternatively, in terms of body forces, the total vertical body force F V is 398 given by equation 10 as before.
399
and the effective vertical body force is given by:
The horizontal acceleration is assumed to act on the solid portion and the 402 pore water portion of the soil element as a unit. Thus the horizontal body 403 force becomes: that the pore water pressure might be considered to be given by the following:
where X may vary between 0 (representing high permeability soil) to 1
429
(representing low permeability soil). It would be expected that X = f (m)
430
and as a first approximation, it could be assumed that X = m. 
439
The following equations are proposed for use when modelling the effect of 440 seismic accelerations on saturated soil systems. Effective accelerations to be 441 applied to the bulk (saturated) unit weight of the soil are given as follows: 
where w kv is a modification factor that depends on the soil permeability.
454
Thus equation 22 can also be written as: it may be represented by an excess pore pressure ratio r u such that:
different scenarios discussed previously are given in Table 1 . γ sat /γ w * Table 1 : Choice of acceleration modification parameters for various permeability (drainage) conditions. (*for very low permeability soils, it would be anticipated that and undrained analysis is more appropriate and that water pressure is therefore not relevant).
The differences between Matsuzawa et al. and the proposed equations would be dominated by those generated due to undrained shearing of the soil
469
and that an undrained analysis was more relevant. 
Example calculations and commentary
471
To highlight the differences in total earth pressures experienced by a wall,
472
the scenarios in Table 1 were modelled using the simple wall model depicted
473
in Fig. 2 and the results presented in Fig. 12 showing the significant influence ∆u kh , ∆u ex were not included.
480
It should be noted that when the water pressure is computed as u =
481
(1 − k v )γ w z (as for example in all the Matsuzawa et al. cases) where z is the 482 depth below the water table, the water force on the wall must be computed 483 as: walls designed for very different levels of seismic loads will be comparatively 506 examined using the limit analysis approach.
507
The location of the two walls is indicated in Fig. 13 Table 2 . 
531
The Maya wall appears to be more sensitive to changes in values of δ ′ /φ and horizontal inertial forces of the fill material are included.
582
The weight of the wedge (W ) is given by:
Force equilibrium gives the total active thrust (P AE ) :
where the horizontal component is given by: 
The angle α AE of the wedge to the horizontal may be calculated as follows:
where: 
and
a v vertical acceleration a h horizontal acceleration k v vertical seismic acceleration coefficient k h horizontal seismic acceleration coefficient w kv acceleration modification factors for pore pressure F w Richard and Elms wall weight factor H wall height K AE dynamic active earth pressure coefficient M kh horizontal acceleration modification factor for soil weight M kv vertical acceleration modification factor for soil weight P AE active thrust W w weight of the wall required for dynamic stability α AE angle of critical failure surface β slope angle γ soil unit weight φ 
The parameter n allows for the inclusion of a tension crack in the analysis 634 such that if the depth of the tension crack is H c , then
where H is the height of the retaining wall and H s is the depth of soil 636 from the base of the tension crack to the base of the wall.
637
It is necessary to find the angle α AE that gives the minimum value of acceleration. F T is a soil thrust factor defined as follows:
34 where K A = K AE when ψ = 0.
651
F I is a wall inertia factor defined as follows:
where
and C I = C IE when k h = k v = 0. tan φ 
Since M kh is defined in terms of γ sat then:
During seismic accelerations, the effective weight of the soil is given by:
Hence
ties and implications for geotechnical engineering practice, in: Proc.
